Background: Weight gain, insulin-like growth factor-I (IGF-I) levels, and excess exogenous steroid hormone use are putative cancer risk factors, yet their interconnected pathways have not been fully characterized. This cross-sectional study investigated the relationship between plasma IGF-I levels and weight gain according to body mass index (BMI), leptin levels, and exogenous estrogen use among postmenopausal women.
Introduction
Nearly 70% of adults in the United States are currently overweight or obese (1) . Increasing obesity prevalence has prompted researchers to focus on the mechanisms linking obesity to cancer, and whether this risk can be reduced by weight loss. Current guidance indicates that a modest weight loss of 5% to 10% is likely to have significant health benefits (2) . Weight loss, regardless of type of intervention, is the main factor that can reduce cancer risk, and many plausible mechanisms are related to the effect of weight loss on cancer-relevant biomarkers (3, 4) .
Insulin-like growth factor-I (IGF-I) is a key mitogen that promotes cell-cycle progression and elevates risk for cellular transformation by rapid cell turnover (3, (5) (6) (7) . IGF-I stimulates cellular proliferation and antiapoptotic effects on certain cell lines that suggest an association with higher cancer risk (2, 4, 5) . About 80% of IGF-I proteins are bound to IGF binding protein-3 (IGFBP-3), and 19% of IGF-I is bound to other binding proteins, resulting in less than 1% of IGF-I being free, which speaks to the bioactivity of IGF-I (7) (8) (9) (10) (11) . The molar ratio of IGF-I to IGFBP-3 roughly represents free, bioavailable IGF-I (10, 12) . The IGFs and IGFBPs are growth hormone-dependent. Although a decrease in growth hormone in obesity reduces the generation of IGF-I, IGF-I levels can be elevated from excess amounts of adipose tissue (13) . Normal or higher IGF-I levels in obese people also can be attributable to factors other than growth hormone, such as overnutrition and hyperinsulinemia (10, 11, 14, 15) , but the precise mechanisms are unknown.
In obesity, a higher circulating concentration of IGF-I may play a role as an important mediator to stimulate cell proliferation and survival, and weight loss may reduce this risk (2, 4, 5, 7, 16) . Previous studies assessing changes in IGF-I levels before and after weight loss in obesity showed inconsistent results. Lower (9) (10) (11) , similar (17) (18) (19) , and higher (8, 12, (20) (21) (22) (23) (24) IGF-I levels have been observed in obese participants after weight loss. These discrepancies can be explained not only by the uncertainty of the biologic mechanisms between adiposity and IGF-I proteins, but by specific analytic choices, including the use of different measures of IGF-I concentration such as total versus bioavailable IGF-I levels, as well as the use of different adiposity measures, such as body mass index (BMI) versus leptin levels.
The relationship between IGF-I and weight loss in postmenopausal women is complicated because adipose tissue promotes estrogen production, and the cancerpromoting role of body fat can be attributed to higher estrogen levels (5, 25) . In addition to the role of estrogen in regulating cellular differentiation, proliferation, and apoptosis induction (4) , estrogen can mediate the relationship between body fat and cancer by interacting with IGF-I; however, this relationship is not clear. Studies evaluating the association between IGF-I and estrogen following exogenous hormone use have not reported uniform results. IGF-I levels were lower (26, 27) , similar (16, 28) , and higher (29, 30) in hormone-use groups than in nonuse groups. Few studies showed increased (31) or unchanged (7) IGF-I levels after weight loss in postmenopausal women, and these studies did not account for steroid hormone use.
This cross-sectional study investigated the relationship between plasma concentrations of bioavailable IGF-I and weight gain between study enrollment and the third annual visit (AV3), stratified by each of two different surrogate markers of adiposity (BMI and leptin) and exogenous estrogen use in postmenopausal women. Bioavailable IGF-I levels were measured using two statistical methods: molar ratio of IGF-I/IGFBP-3 and total IGF-I levels adjusting for IGFBP-3 levels. We hypothesized that IGF-I levels are proportionate to weight gain, and that the magnitude to which increased IGF-I levels are associated with weight gain would be more pronounced when BMI and leptin levels are higher and exogenous estrogen is used. To the best of our knowledge, this is the first study to analyze the relationship between IGF-I and weight gain among different weight groups (normal, overweight, and obese groups) according to estrogen-use status (never, former, and current use).
Materials and Methods

Study population
The study included 794 postmenopausal women enrolled in the ancillary study of the Women's Health Initiative Observation Study (WHI-OS) at the WHI clinical centers located at the Baylor College of Medicine (Houston, TX) and the Wake Forest University School of Medicine (Winston-Salem and Greensboro, NC) between February 1995 and July 1998. Participants were followed up to May 2001. Women were eligible for the study if they were 50 to 79 years of age, postmenopausal, planned to reside in the clinical center areas for at least 3 years, and able to provide written consent. The ancillary study included only European American and African American women. Of 834 participants, 9 women who did not complete a baseline screening questionnaire were excluded. Another 30 participants were excluded because their study outcomes (i.e., weight changes between baseline and AV3) or covariates at AV3 were not available. After excluding one data entry error, 794 participants (96% of 825 participants) were included in this study. Details on the rationale and design of the WHI have been described elsewhere (32) . The study was approved by the Institutional Review Boards at the University of Texas MD Anderson Cancer Center, the Baylor College of Medicine, and the Wake Forest University School of Medicine.
Data collection
Self-administered questionnaires were used to assess demographic and behavioral factors and medical and reproductive history. Behavioral factors, including smoking status, physical activity, and reproductive history such as estrogen use, were evaluated at the time of study enrollment (baseline) and AV3. Anthropometric data, including weight, height, and waist and hip circumferences, were collected at each clinic visit by trained staff (32) . Data quality assurance procedures were established. Reporting or data entry errors were corrected or treated as missing. Discrepancies of answers between main subquestions or among relevant variables were corrected according to quality assurance procedures.
Estrogen-use status (both opposed and unopposed estrogen use) was classified as never, former, and current; former users were defined as those who stopped estrogen use upon enrollment, and current users included those who began to use estrogen both before and after enrollment and still took the drugs at AV3. Each physical activity was assigned a metabolic equivalent (MET) value according to its physical intensity (33) , and total MET h/wk was estimated by multiplying the MET level for the activity by the hours exercised per week and summing values for all types of activities (33) . MET changes were calculated between baseline and AV3 by subtracting MET values at AV3 from MET values at baseline. Total MET h/wk was classified into three MET groups as 0, 1-10, and >10 MET h/wk, and MET changes were categorized as decreases, no change, and increases in the MET groups at AV3 compared with baseline.
Laboratory methods
Trained phlebotomists collected 3 mL fasting blood samples from each participant at AV3 (34) . The samples were sent to clinics' laboratories for processing, and plasma aliquots were stored at À70 C. The plasma analytes included total IGF-I, IGFBP-3, insulin, and leptin. IGF-I and IGFBP-3 were determined with an Enzyme-Linked Immunosorbent Assay Kit (Diagnostic Systems Laboratories), with interassay coefficients of variation of 4.16% and 6.01%, respectively. The assays for IGF-I and IGFBP-3 were sensitive to 0.03 and 0.04 ng/mL, respectively. Plasma levels of leptin and insulin were measured using the Multiplex, Bead-Based Assay Kit (Linco Diagnostic Services). Detection limits of the assays for leptin and insulin were 42 and 18 pmol/L, respectively.
Outcome variables
The outcome variables were three weight-change groups (weight loss, weight maintenance, and weight gain). Weight change was calculated by subtracting weight at AV3 from weight at baseline. Percentages of weight change were estimated by dividing weight changes by baseline body weights and categorized into three groups: weight loss, weight maintenance, and weight gain. The range of weight maintenance can be smaller than the amount of weight gain or loss at which risk for obesity-related health effects (e.g., cardiovascular disease and type II diabetes) begins to change. Weight maintenance indicated a weight change attributable to fluid fluctuation under normal conditions or measurement errors, and such changes were not clinically meaningful (35) . Weight maintenance was ultimately defined as a weight change of less than or equal to 3% of baseline body weight (35) .
Statistical analysis
Differences in characteristics of participants by weightchange groups were evaluated using an omnibus F test from an ANOVA for continuous variables and c 2 statistics for categorical variables. If continuous variables were skewed or had outliers, the Kruskal-Wallis test was implemented. Multicollinearity was assessed by using coefficient of multiple determination (R 2 ), tolerance, and variance inflation factor for each predictor variable using remaining covariates as its predictors, and no significant multicollinearity was observed.
Molar ratios of IGF-I/IGFBP-3 were created using conversion calculations (36) . As a proxy of bioavailable IGF-I, we used either IGF-I/IGFBP-3 with adjustment of IGF-I or total IGF-I by accounting for IGFBP-3. All plasma hormone levels were expressed as quartiles for the purpose of study. Proportional odds logistic regression was performed to produce ordinal ORs and 95% confidence intervals (CI) of IGF-I/IGFBP-3 or IGF-I for weight gain. Ordinal regression assumed that ORs of hormones for the weight-gain group compared with the weight-maintenance and weight-loss groups were the same as ORs for weight-gain and weight-maintenance groups compared with the weight-loss group. The parallel regression assumption was tested with a graphical method. A two-tailed P value lower than 0.05 was considered significant. R (Version 2.15.1) was used.
Results
The median age was 61 years (range 50-79 years). The majority of participants was non-Hispanic white (81.2%) and had been pregnant at least once (92.2%). More than 50% of participants had more than a high school education (60.7%), no history of oral contraceptive use (67.0%), and no smoking history (never, 54.2%; former, 38.7%; and current, 7.2%). Most participants had a history of estrogen use (current, 60.7% and former, 14.1%), and 25.2% of participants were nonusers.
Among participants, 55.7% performed more than 1 MET h/wk at baseline (1-10 MET h/wk, 33.4%; >10 MET h/wk, 22.3%), and 55.3% of participants maintained their baseline MET group during 3-year follow-up. Decreased and increased changes in MET groups at AV3 from baseline occurred among 20.5% and 24.2% of participants, respectively. More than half of participants were obese (28.1%) or overweight (33.4%) at baseline and had lost (22.5%) or gained (36.5%) more than 3% of baseline weight at AV3.
Participant characteristics by the weight-change group are summarized in Table 1 . Participants who had gained weight at AV3 were more likely to be younger (P ¼ 0.0005) and had higher leptin levels at AV3 (P < 0.0001). Higher levels of IGF-I/IGFBP-3 at AV3 (P ¼ 0.0172) were more likely to be found in the weight-loss group. No other significant differences in characteristics by weight-change groups were noted.
We first examined the relationships between weight gain and IGF-I/IGFBP-3 or IGF-I at AV3 by accounting for each of two surrogate adiposity markers exclusively (BMI and leptin; Fig. 1 ). In general, those with higher bioavailable IGF-I levels at AV3, whether measured as IGF-I/ IGFBP-3 or total IGF-I accounting for IGFBP-3, and whether adjusted for BMI or leptin levels, were less likely to report weight gain. Participants in the two highest quartiles (Q3 and Q4) of IGF-I/IGFBP-3 at AV3 were about 0.6 times as likely as the Q1 of IGF-I/IGFBP-3 to gain weight after accounting for either BMI or leptin and other covariates, including age, ethnicity, education, estrogen use, oral contraceptive use, pregnancy, smoking, baseline MET, MET change in group, baseline waist-to-hip ratio (WHR), insulin, and IGF-I.
Similarly, those in Q3 of IGF-I at AV3 were 40% less likely to have gained weight than those in Q1 of IGF-I at AV3 after adjusting for BMI or leptin and the same covariates, except IGF-I was replaced with IGFBP-3. Findings among those in the highest quartile of IGF-I at AV3 showed similar results to those in Q3, reaching marginal significance. Because IGFs may interact with insulin, especially in patients with diabetes (n ¼ 77; 9.7% of 794 participants), we conducted a sensitivity test using data including diabetes history compared with data excluding diabetes history; no apparent differences were identified in univariate and multivariate analyses. In addition, compared with participants who do not have a history of cancer, patients with cancer (n ¼ 151; 19%) may have different associations between IGF levels and weight gain. We implemented a sensitivity test with participants who reported a history of cancer; there were no significantly Relationships between weight gain and IGF-I/ IGFBP-3 or IGF-I, stratified by BMI or leptin level
We next examined the association of bioavailable IGF-I levels at AV3 with weight gain within different bodysize groups as indicated by either BMI or leptin levels ( Table 2) . The results for bioavailable IGF-I levels in the normal-weight and lower-leptin groups were generally similar to those in overweight, obese, and higher-leptin groups. In addition, the associations of IGF-I/IGFBP-3 with weight gain across weight or leptin groups were largely comparable with those of IGF-I; however, some differences were noted. Participants in Q2 and Q3 of IGF-I/IGFBP-3 in the normal-weight and lower-leptin groups were 0.4 times as likely as those in Q1 of IGF-I/ IGFBP-3 to gain weight, but those quartiles of IGF-I were not significant in the normal-weight and lowerleptin groups. In addition, those in the highest quartile of IGF-I/IGFBP-3 in the obese group were 64% less likely to have gained weight than Q1 IGF-I/IGFBP-3 participants (OR, 0.36; 95% CI, 0.14-0.93); however, the Q4 of IGF-I in the obese group was not significant. Instead, participants in Q3 of IGF-I were 55% less likely to have gained weight than those in the Q1 of IGF-I in the obese group (OR, 0.45; 95% CI, 0.21-0.99).
Relationships between weight gain and IGF-I/IGFBP-3 or IGF-I, stratified by exogenous estrogen use
We also evaluated whether the relationship between weight gain and IGF-I/IGFBP-3 or IGF-I differed by estrogen use (Table 3) . Estrogen use significantly modified the association between IGF-I levels and weight gain (P ¼ 0.0498). Among current estrogen users, the Q3 of IGF-I/ IGFBP-3, adjusted for either BMI or leptin, was 0.5 times the odds of gaining weight than was Q1 of IGF-I/IGFBP-3; former estrogen users demonstrated a similar relationship between lower IGF-I levels (measured by either IGF-I/ IGFBP-3 or total IGF-I adjusted for IGFBP-3) and weight gain, but results of this relationship were opposite in nonusers. Among those who had never used estrogen, the weight-gain group was more likely to be found in Q2 and Q3 of IGF-I/IGFBP-3 and IGF-I, respectively, than in Q1, but small sample size prevented these findings from being significant. Furthermore, regardless of the weightchange group (weight loss, weight maintenance, and weight gain), higher IGF-I/IGFBP-3 or IGF-I levels were associated with estrogen nonusers than users, indicating that IGF-I levels are inversely related to estrogen use (Supplementary Table S1 ).
Discussion
In this cross-sectional study with a large cohort of participants, we found that bioavailable IGF-I overall was Median was used as a cutoff point to categorize into two groups. c Molar ratios of IGF-I to IGFBP-3 were estimated by conversion calculations.
Weight Gain and Insulin-like Growth Factor-I inversely related to weight gain regardless of baseline body weight, leptin level, and estrogen use in postmenopausal women. Most published hormonal studies have found that IGF-I levels (which are lower in obese participants than in normal-weight participants) increase in obese participants after weight loss (8, 12, (20) (21) (22) (23) (24) . This is consistent with the present study results, which show that obese participants had lower IGF-I/IGFBP-3 or IGF-I levels than nonobese participants in the weight-gain and weight-maintenance groups; however, these relationships were reversed in the weight-loss group (i.e., higher IGF-I/IGFBP-3 or IGF-I levels were found in obese than in nonobese participants; Supplementary Fig. S1 ). We also demonstrated that higher IGF-I levels were associated with weight loss than weight gain across normal, overweight, and obese groups. Previous studies reported that 199 (25) 198 (25) 198 (25) 199 (25) BMI at baseline Normal-weight group b n (%) 76 (25) 72 (24) 78 (25) 80 (26) (22) 66 (30) 49 (22) 58 (26) (28) 60 (23) 71 (27) 61 (23) Lower-leptin group n (%) 107 (27) 106 (27) 91 (23) 92 (23) (23) 92 (23) 107 (27) 107 (27) 103 (26) 97 (24) 102 (26) 94 (24) The normal-weight group included the lean-weight group (n ¼ 20). c ORs were adjusted for age, ethnicity, education, exogenous estrogen use, oral contraceptive use, pregnancy history, smoking status, METs at baseline, MET group change between baseline and AV3, baseline WHR, insulin, and IGF-I or IGFBP-3 when IGF-I/IGFBP-3 or IGF-I was an independent variable, respectively. low IGF-I and growth hormone were found in obese populations and increased growth hormone in proportion to IGF-I level after weight loss, indicating that IGF-I cannot be the main inhibitory mechanism accountable for decreases in growth hormone; rather, reduced growth hormone causes low IGF-I levels in obesity (8, 12) .
Major regulators of IGF-I production in the liver include growth hormone, diet, malnutrition, and altered glucose mechanism (15, 19) . Several studies examining the inverse relationship of IGF-I and insulin resistance in obesity at baseline and after weight loss (20, 37) concluded that improved insulin sensitivity following weight loss may upregulate IGF-I (14, 20). We could not directly assess insulin sensitivity, but an inverse relationship was identified between insulin levels and weight loss (Supplementary Table S2 ), indicating that lower insulin levels (roughly representing improved insulin sensitivity) were associated with higher IGF-I levels.
Several studies demonstrated that IGF-I levels were higher in obese people and decreased after weight loss (9-11); these findings are not consistent with our study. These discrepancies can be accounted for by different n (%) 20 (18) 23 (21) 30 (27) 39 ( (20) 22 (20) 33 (29) 35 ( ORs were adjusted for BMI at baseline and the other covariates (i.e., age, ethnicity, education, oral contraceptive use, pregnancy history, smoking status, METs at baseline, MET group change between baseline and AV3, baseline WHR, insulin, and IGF-I or IGFBP-3 when IGF-I/IGFBP-3 or IGF-I was an independent variable, respectively). c ORs were adjusted for leptin at AV3 and the other covariates (i.e., age, ethnicity, education, oral contraceptive use, pregnancy history, smoking status, METs at baseline, MET group change between baseline and AV3, baseline WHR, insulin, and IGF-I or IGFBP-3 when IGF-I/IGFBP-3 or IGF-I was an independent variable, respectively).
measures of IGF-I levels such as total and bioavailable IGF-I levels and molar ratios of IGF-I to IGFBP-3. The present study estimated bioavailable IGF-I levels in two analytic ways using IGF-I/IGFBP-3 and IGF-I by accounting for IGF-I or IGFBP-3 relatively, and both higher levels of IGF-I/ IGFBP-3 and IGF-I were associated with weight loss.
One possible explanation for the varying IGF-I levels measured in obese people may involve different types of adiposity measures. Most studies use BMI, which serves well for dividing individuals' data into size-based groups, but BMI provides no information about variation in lean and fat mass. Differences in proportion of lean and fat mass within BMI categories may increase variation in IGF-I levels and contribute to conflicting findings, suggesting that use of an adiposity biomarker such as leptin may result in clearer findings from studies of hormones related to obesity. Some studies reported that IGF-I was inversely related to BMI (6, 8, 23) , but others did not find a correlation between BMI and IGF-I; rather, a significant relationship between leptin and IGF-I was found (24, 38) . We examined whether study results that accounted for BMI differed from those that accounted for leptin, and no significant differences were shown. Aging in women reduces the level of endocrine hormones, including growth hormone-IGFs and estrogen (26, 39) , and in postmenopausal women, estrogen is generated by adipose tissues (5, 25) . Higher estrogen levels may support the role of body fat in promoting carcinogenesis by interacting with IGF-I in postmenopausal women, but the clear mechanism is unknown. Recent studies have reported an inverse relationship between exogenous estrogen use and IGF-I among postmenopausal women (40) (41) (42) (43) suggesting that estrogen suppresses hepatic IGF-I production (44) . Consistent with those of previous studies, our findings show that the IGF-I levels of estrogen nonusers were consistently higher than those of estrogen users in the weight-loss, weight-maintenance, and weight-gain groups (Supplementary Table S1 ). In addition, previous studies assessing the relationship between IGF-I levels and weight loss in postmenopausal women did not account for exogenous hormone use (7, 31, 45) . We examined the effect of interactions between exogenous estrogen and IGF-I on weight gain, showing that although there was an inverse relationship between IGF-I levels and weight gain in estrogen users, nonusers experienced somewhat increased IGF-I levels associated with weight gain, but these interactions lacked statistical power (Table 3) . We performed subgroup analyses between unopposed (n ¼ 274; 57% of 482 current users) and opposed (n ¼ 208; 43% of 482 current users) estrogen use, and no apparent differences were observed (data not shown).
This study had limitations. We could not assess plasma hormone level changes between baseline and AV3 in this cross-sectional study. Our subanalysis including only extreme weight fluctuations (>7% weight gain and <7% weight loss) as outcomes and comparing IGF-I levels confirmed the present findings (higher IGF-I was related to extreme weight loss rather than extreme weight gain; data not shown). We could not measure the interactions between nutritional data and IGF-I levels related to weight gain due to data unavailability. We acknowledge that with so many analyses, we might have a few falsepositive results, although the large sample size should reassure a bit against that issue. In any case, results should be interpreted with care, especially when P values are close to the assumed level of significance.
Few studies (24) have examined the links between IGF-I and weight changes (not only weight loss, but also weight maintenance and weight gain); in addition, no study has normal-weight and overweight comparison groups (and not only obese groups) with which to examine relationships between IGF-I and weight loss across weight groups. Lien and colleagues (24) showed that obese participants have increased IGF-I levels with decreasing leptin levels and visceral fat mass during weight loss and even after weight regain, but they did not observe these relationships among different weight groups. As we included overweight and normal-weight groups as well as an obese group, our study findings extend those of Lien and colleagues, in that we show consistent results among the other weight groups.
In conclusion, this study demonstrates that although estrogen users have lower overall levels of IGF-I than do nonusers, bioavailable IGF-I is inversely related to weight gain regardless of estrogen use in postmenopausal women, and weight gain is proportionate to insulin levels. These findings suggest potential hypotheses that weight loss may promote improvements in insulin sensitivity, which may upregulate IGF-I, and that beyond estrogen users' association with lowering levels of IGF-I in general, these relationships are not modified by estrogen use. Cancer-promoting aspects of adipose tissue may be attributable to factors other than IGF-I, and a better understanding of the interconnected pathways of IGF-I, exogenous estrogen, and weight gain may expedite strategies to promote weight loss and maximize the benefits of weight loss, by reducing obesity-related cancer risk, morbidity, and mortality in postmenopausal women.
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